We examine the spectra of 23 fast radio bursts detected in a fly's-eye survey with the Australian SKA Pathfinder, including those of three bursts not previously reported. The mean spectral index of α = −1.6
INTRODUCTION
The extreme brightness of the radiation observed from fast radio bursts (FRBs) requires that it is generated by a coherent emission process. The millisecond durations of FRB events and their inferred cosmological distances (Lorimer et al. 2007; Tendulkar et al. 2017 ) together imply that their brightness temperatures exceed 10 35 K, surpassing those of most radio pulsars, whose emission has long been recognised to inescapably involve generation by a coherent process (see Melrose & Yuen 2016 , for a recent review). A yet more acute problem is posed by the luminosity: the 1-800 Jy flux density emission observed in the bright FRB population, if generated at cosmological distances, is inferred to be over twelve orders of magnitude more luminous than the brightest Galactic pulsars. Moreover, the 1-390 Jy ms fluences imply energies in excess of ∼ 10 34 (Ω b /4π) J for a beam solid angle Ω b even if the emission is only confined to the observational bandwidth of ≈ 300 MHz (Bannister et al. 2017 ).
The origin of such luminous emission is a matter of conjecture (e.g. Vachaspati 2008; Cordes & Wasserman 2016; Metzger et al. 2017 ). As such, the spectrum of the emission is both fundamental to characterizing the emission process and to quantifying the total radio energy output. Furthermore, fine-scale spectral structure is detected in some FRBs (Ravi et al. 2016; Oslowski et al. 2018; Farah et al. 2018 ) and is even time-variable in FRB121102 (Spitler et al. 2016 ).
The spectral properties of the FRB population have hitherto been unclear due to the manner in which most of these events have been detected. The 64-m Parkes radio telescope, responsible for the plurality of FRB detections to date , uses a 13-beam multibeam receiver whose large separation between adjacent beams renders each burst location sufficiently uncertain that beam chromaticity effects insert substantial, generally indeterminable structure in the shape of the observed spectrum. By contrast, the phased-array feeds (PAFs) of the Australian SKA Pathfinder ASKAP (ASKAP, McConnell et al. 2016 ) enable each burst to be localized sufficiently well to eliminate the effects of beam chromaticity. Shannon et al. (2018) presented the discovery of 20 FRBs in a fly's eye survey conducted at a Galactic latitude of |b| = 50 ± 5 deg under the auspices of the Commensal Real-time ASKAP Fast Transients (CRAFT; Macquart et al. 2010 ) survey on ASKAP. Here we examine spectral properties of this bright FRB population. In Section 2, we augment the sample with three additional FRB detections. In Section 3 we analyse the fluence spectra of these ASKAP-CRAFT 23 FRBs. In Section 4 we examine several possible interpretations of their remarkable spectral structure, and in Section 5 we discuss the wider implications of our results.
RECENT FAST RADIO BURST SEARCHES
The analysis presented here is based on the CRAFT observations reported in Bannister et al. (2017) , with further details in Shannon et al. (2018) . Since the conclusion of those searches we have undertaken a few small additional surveys. Searches were conducted in the same observing band, centered at 1320 MHz, with a total of 336 MHz of bandwidth, subdivided into samples of 1 MHz width and 1.26 ms duration. Burst properties were measured from the data using the techniques presented in Bannister et al. (2017) and Shannon et al. (2018) .
Here we present the discovery of three additional FRBs in this period. The properties of the FRBs are listed in Table 1 and the profiles and spectra are shown in Figure 1 .
Two FRBs (180315 and 180424) were discovered in a survey conducted at a Galactic latitude of |b| = 20 deg. The Galactic dispersion measure contribution to the bursts (DM MW , see Table 1 ), the sum of a Galactic disk and halo component, is higher than that of the b = 50
• FRBs, but still much smaller than the total burst DM. For the disk component, we have assumed the NE2001 electron density model Cordes & Lazio (2002) . The halo component is estimated to be 15 pc cm −3 , from the dispersion measure excess in the direction the Large Magellanic cloud FRBs, as elaborated in Shannon et al. (2018) . The |b| = 20 deg searches comprised 71 antenna-days. Assuming a survey-equivalent effective field of view of 20 deg 2 , and 80% observing efficiency this is a rate of one FRB per 13,600 deg 2 hr exposure, or 72 sky −1 day −1 . Both show spectral modulation similar to that observed in the sample presented in Shannon et al. (2018) . The third burst, FRB 180525, was detected in further high Galactic latitude (b = 50
• ) searches.
As our searches frequently re-observed the same fields, we can place strong constraints on repetition. Table  1 also lists the amount of time observing these fields. More than 22 d has been observed in the direction of FRB180525.
OBSERVATIONS AND SPECTRAL PROPERTIES
The spectra reported here were corrected for the variation in T sys across the observing band in the same manner reported in Shannon et al. (2018) . The close spacing of beams within the ASKAP PAFs enables each burst to Figure 1 . Pulse profiles (panels A) and dynamic spectra (panels B) of newly reported FRBs. As in Shannon et al. (2018) , the colour scale is set to saturate at 5σ, where σ is the off-pulse rms.
be localized to within a small fraction of the beamwidth, typically within a region 10 × 10 . The spectrum and fluence of each burst were corrected for the small off-axis beam chromaticity using the fact that, for the small offsets from beam center relevant to these FRBs, the beam is well approximated as a Gaussian with a full-width at half power of 1.1c/(νD) rad, where D = 12 m is the dish diameter (McConnell et al. 2016 ). Both FRB 171216 and FRB 180525 were detected with comparable S/N in two beams, with offsets of 0.491
• and 0.43
• , and 0.5 • and 0.513
• , respectively from the beam center. We applied the beam correction to the spectrum of each beam separately before computing the weighted average spectrum of the data from the two beams. Figure 2 shows the mean and median spectrum of the 23 FRBs in our sample, with each burst given equal weight in the average by normalizing by its mean fluence. A strong trend of decreasing fluence with frequency is visible over the 336 MHz observing band, which we characterize by fitting a power law of the form F ν ∝ ν α . The spectral index of the mean spectrum is α = −1.6 +0.3 −0.2 , while for the median spectrum it is α = −1.4
Broadband spectrum
. These values are within 1 standard deviation of the results reported in Shannon et al. (2018) on the basis of the first 20 FRBs detected in the CRAFT survey. Table 2 lists the spectral indices obtained from the fits to individual spectra. The median spectral index is α = −1.1. The large variation in α is in part a reflection of the patchiness of the emission. For instance, for FRBs 170906 and 171019 the spectrum is entirely dominated by emission in the lower half of the band, whereas for FRB 180128.2 the spectrum is dominated by the upper half of the band. Although there is large variation in individual burst properties, we verified that the mean spectrum measured from this set of 23 bursts converges to a physically meaningful quantity. We addressed the issue of convergence to a population spectral index by measuring the mean spectral index measured from all subsets consisting of N = 3, 4, . . . , 22 bursts. The spectral index computed from the mean over all N -length subsets is found to converge as N increases to the measured value, with a decrease in the standard deviation of the spectral index distribution that scales approximately ∝ N −1/2 .
Characterization of spectral variations
A significant subset of the CRAFT bursts exhibit large amplitude narrowband spectral variability. We attempt to estimate the amplitude of the variability using two approaches: (i) m 2 : we compute the mean-normalized spectral autocovariance directly from the spectrum,
α,corr : we compute the same limit, but withF ν replaced by the best-fitting function of the form Kν −1.5 whose value K is chosen to preserve the band-average fluence of the burst. The decorrelation bandwidth, ν dc (half width at half power) is also computed from f (∆ν) in each case. Both methods were further checked for consistency against a robust estimate of the variance by subtracting in quadrature the variance due to the thermal noise, measured from the off-pulse spectrum, from the total spectral variance. The 32/27 oversampling of the 1 MHz coarse spectral channels on ASKAP results in at most a correction of 1% to the values of m 2 we report here.
A possible cause of this narrowband structure is diffractive scintillation, which makes a clear prediction for the statistics of the intensity fluctuations. The amplitude distribution of a point source subject to diffractive scintillation is an exponential (Mercier 1962; Salpeter 1967) which, when convolved with normallydistributed 1 thermal noise, N (I) with variance σ t , predicts spectral fluctuations of the form:
where erfc is the complementary error function, and I 0 is the mean flux density. Since the scintillation signal is highly correlated over a spectral range ≈ ν dc , we test this distribution against the statistics of each spectrum binned to a resolution of ν dc . The rms noise, σ t , is measured directly from off-pulse data adjacent to the burst arrival time, and scaled according to the number of 1-MHz spectral bins averaged together. Table 2 shows the confidence, using the Cramér-von Mises test, that the spectral data matches the model in eq.(1). The test is performed by: (i) comparing the distribution of channelised fluences directly against the distribution, or (ii) using the channelised fluences normalised by the power law whose spectral index matches that of the median burst spectrum (i.e. α = −1.5) and whose band-averaged fluence matches that of the burst.
Twelve bursts have intensity distributions consistent with the null hypothesis of being drawn from eq.(1) at the 5% confidence level or greater. Figure 3 shows the observed and predicted distributions for a number of the eleven cases in which the model is an exceptionally poor description of the spectral data. There is a clear trend for these to be strong events for which the test has the greatest discriminating power: five of six FRBs with a signal-to-noise (S/N) ratio greater than 18 are consistent at less than 1% confidence. The exception, FRB 171019, has ν dc = 49 MHz, and hence the test is weakened by having only seven effective samples across the band.
Finally, we remark that no obvious absorption features are seen in any of the spectra. 
modulation.
It is an open question whether these are characteristic of the burst emission process or of a propagation effect. The former is expected on the grounds that many coherent emission processes (e.g. pulsars, Jovian decametric radiation, solar radio bursts) exhibit fine spectral structure, many of which may persist in time (Hankins & Eilek 2007; Ellis 1969; Melrose 2017 , and references therein). However, the millisecond duration of FRBs indicates they are sufficiently compact that their spectra should also be subject to lensing and diffractive scintillation effects caused by inhomogeneous plasma in our Galaxy, the host galaxy, or possibly the IGM.
It is far from conclusive to which effect the structure observed in the present sample should be ascribed. The spectral structure might be associated with caustics due to plasma lensing, as suggested by Cordes et al. (2017) . However, the complicated spectral structure observed in many bursts does not generically resemble the predictions of Cordes et al. (2017) wherein only one or two sharply-peaked caustics are expected in the frequency domain, rather than the large number of bright islands of power evident in most spectra (the clearest examples being FRBs 170416, 171019, 180110 and 180324). Moreover, the spectra do not qualitatively resemble those of other astrophysical events recognized to be associated with caustics, notably extreme scattering events (e.g. Bannister et al. 2016) .
Diffractive scintillation provides a more viable interpretation of the narrowband structure. However, for the high Galactic latitude (|b| ≈ 50
• ) FRBs reported here, the decorrelation bandwidth expected due to Galactic interstellar scintillation is ∼ 20-200 MHz (Cordes & Lazio 2002; Bhat et al. 2018) ; all but three bursts in the sample exhibit decorrelation bandwidths less than 20 MHz (although the smooth spectrum of FRB 180525 might be caused by an extremely broadband scintle). Thus, if the structure is due to scintilla- Note-(1) This post-detection S/N differs slightly from the detection S/N reported in Shannon et al. (2018) and, for FRBs 171216 and 180525, is the result of co-addition of data from two adjacent beams.
(2) The measured value of the autocovariance at ∆ν = 1 MHz is negative for FRB 170428, so we take m 2 = m 2 α,corr = 0 for this burst. However, we note that this could instead indicate spectral modulation with ν dc 1 MHz, in which case the data could be more consistent with a diffractive scintillation interpretation at better than the 11-17% level indicated for this burst.
tion, it is more readily attributed to a medium external to the Galaxy: either in the interstellar medium of the burst host galaxy, or in some overdense region of intergalactic plasma along the line of sight.
If the diffractive scintillation model fits the data at all it is clearly largely inconsistent with the simple prediction that the intensity fluctuations follow an exponential distribution. Table 2 shows that over half of the bursts are inconsistent with fully-modulated diffractive scintillation, and none for which there is good discriminating power (high S/N, low ν dc ), as embodied in eq. (1). That high S/N events over all DMs show strong evidence against the diffractive scintillation model suggests there is also no correlation with FRB burst energy.
There is nonetheless weak evidence for an anticorrelation between the DM and the amplitude of the spectral modulation, which would suggest the spectral structure does arise as a propagation effect. We examined the likelihood of the hypothesis that the DM EG and m α,corr data are independent in the ASKAP-CRAFT sample. The Spearman rank test and Kendall tau tests return likelihoods of 6% and 8%, with correlation coefficients of −0.4 and −0.3 respectively. The Pearson correlation test returns a likelihood of 5%.
There are three obvious ways in which the spectral structure may still arise as a result of diffractive scintillation: the number of scintles sampled across the observing band is finite, the structure is spectrally unresolved, or the diffractive scintillation is partially quenched by some physical process. The first explanation is unlikely, since the statistical test used to calculate the confidence values in Table 2 takes into account the finite number of samples.
Of the second and third possibilities, it is remarkable that the Parkes FRBs, located at a higher average DM, exhibit generally smoother spectra (Thornton et al. 2013; Champion et al. 2016) . Moreover, two of the lowest DM Parkes bursts (FRBs 150807 and 180309, Ravi et al. 2016; Oslowski et al. 2018 ) and the lowest DM burst detected by UTMOST (FRB 170827 Farah et al. 2018 ) do show strong spectral modulation consistent with the ASKAP-CRAFT bursts.
There are two obvious ways in which an anticorrelation between DM and the amplitude of the spectral modulation could arise if the structure were propagation-induced:
1. DM scales with the scattering measure, causing a commensurate decrease in ν dc . For sufficiently strong scattering ν dc would fall below our 1 MHz spectral resolution. However, the data disfavor this explanation because in most cases the spectral structure is either resolved or marginally resolved. Moreover, suppression of the modulations to m 2 < 0.1 would require ν dc 100 kHz. This would require ν dc in these bursts to be considerably lower than the lowest observed at 1.4 GHz with higher-resolution instruments: the narrowest structure at 1.4 GHz has ν dc = 100 ± 50 kHz (in FRB150807; Ravi et al. 2016) .
2. Angular broadening partially suppresses the amplitude of the spectral variations associated with diffractive scintillation. DM-fluence relation shows that the FRB DMs are related to distance, and the only component of the DM that relates to burst distance is the IGM contribution. A correlation between angular broadening and DM is expected if, as higher DM implies greater distance, there is a greater likelihood of grazing the halo of an intervening galaxy along the light of sight harboring plasma sufficiently dense to produce an appreciable amount of angular broadening.
The optics of angular broadening heavily weights the contribution from scattering material closer to the observer, so the amount of angular broadening need not be directly coupled with temporal smearing, which favors the contribution of material closer to mid-way along the ray-path. Thus the absence of temporal smearing (e.g. in the DM = 2596 pc cm −3 FRB160102; Bhandari et al. 2018) does not imply an absence of scatter broadening and, conversely, the presence of temporal smearing (e.g. in FRB180110) does not necessarily imply angular broadening.
DISCUSSION
The mean spectral index measured for the bright FRB population, α = −1.6 +0.3 −0.2 , is consistent with the range α = −1.4 to −1.6 typically derived for the slow and millisecond pulsar populations (Bates et al. 2013; Jankowski et al. 2018) , but apparently at variance with the spectral index of giant pulses and magnetars. An index of α = −2.6 is derived from the giant pulses from the wellstudied Crab pulsar between 0.7 and 3.1 GHz (Meyers et al. 2017) , while the range of radio spectral indices typical of magnetar emission is flat, with α > −0.5 (Camilo et al. 2007 (Camilo et al. , 2008 Levin et al. 2010; Eatough et al. 2013 ). Although it is premature to draw conclusions on the mechanism responsible for the ultra-luminous emission from FRBs, the similarity in spectral indices hints at an association with spin-down-powered pulsar emission.
The steep spectral index of FRB emission implies that the location of the low-frequency turnover is crucial in understanding the total radio energy output. The 200 MHz MWA non-detections of several bright FRBs in the sample analyzed here sets limits on the total radiative output below 1.5 GHz to < 18 times that observed in the ASKAP band (Sokolowsi et al. 2018) . However, the reported CHIME detections of some FRBs above 400 MHz (The CHIME/FRB Collaboration et al. 2018) appear to bracket the range of any spectral turnover.
The steepness of bright FRB emission underlines the importance of the k-correction in the determination of burst luminosities and energies (see the discussion in Macquart & Ekers 2018) . For a burst at luminosity distance D L (z) the fluence and intrinsic energy density, E ν are related by F ν = (1 + z) 2+α E ν /(4πD 2 L (z)). Thus the fluence of a z = 1 burst is a factor of 2.8 lower relative to one of same energy density but a flat spectrum.
A pervasive feature of the ASKAP-CRAFT FRB spectra is their patchiness. There is a large degree of spectral variation between individual bursts, resembling the spectrally erratic emission from the repeating FRB 121102 (Spitler et al. 2016; Scholz et al. 2016 ).
The origin of this spectral structure in the bright FRB population remains inconclusive, and compelling reasons remain to suggest that the structure may yet be an intrinsic property of the bursts. Nonetheless, if the inverse relation between the amount of spectral structure and the DM weakly favored by the ASKAP-CRAFT data should be confirmed, we suggest it may be caused by the angular broadening in the halos of intervening galaxies embedded in the IGM.
The generally smoother spectral structure observed in Parkes FRBs lends credence to the hypothesis that the fine spectral structure is indeed a propagation effect. Incorporation of spectral information from the full Parkes FRB sample would provide a far stronger statistical test for the presence of a DM-spectral modulation relation.
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